
THE STABILITY OF STANDARD-FREQUENCY 
OSCILLATORS 


III the moasuFoment of physi(‘al fpian- 
titio8, the domaiuis of soionce, industry, 
and the military are for constant im¬ 
provement in aeeuraey- Standards and 
measuring devices, as a result, must 
meet ever tighter specifications. This 
trend is well illustrated by l-igurt* 1, 
which shows the increase in accuracy of 
the U. 8. Freciuency Standard over a 
period of some 40 years. 

Atomic frecpiency control, which is 
^ u.sed in the V. S. Frequency Standard, 
provides both the best accuracy and the 
iH'st long-term stability. At present, 
however, there is little indication that 


it will replace the (piartz-crystal os¬ 
cillator as a working standard. TIktc 
are two reasons for this: Atomic fre- 
(luency control devices at least those 
that have lieen available commercially 
not only have been very expensive 
but have demonstrated a serious lack of 
reliability. 

LONG-TERM STABILITY 

In the crystal oscillator, the long- 
t<*rm stability of the (piartz crystal itself 
has IxHui the limiting factor. Most 
standard-fmiuency oscilhitors use either 
the o-Mc or the 2..>Mc fifth-overtone 
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crystals ' developed by Bell Telephone 
laboratories. Their ultimate aging rates 
are less than 1 in 10*“ per day for the 
.VMc unit and less than 1 in 10“ per day 
for the The choice between the 

two frecpiencies is generally dictated by 
cost and convenience. The 2.;)-Mc crys- 
Uil is twice as large as the .VMc and 
much more expensive; in addition, for 
comparable performance, it re(|uires 
l)ettor (dynamic) temperature control. 

Development work on (juartz crys¬ 
tals is continuing, and better units can 
l)e expected in the future.’ Present well- 
designed o.scillator circuits do not con¬ 
tribute to long-term frecpiency drift 
(aging) to any measurable extent, and 
any improvement in the crystal char¬ 
acteristics will be directly reflected in 
the over-all stability of the oscillator. 

SHORT-TERM STABILITY 

The short-term stability of a crystal 
oscillator (defined here as the freipiency 
deviations for averaging times from 1(K) 
/isec to 10 sec) is, at the longer averaging 
times, predominantly controlled by 
oscillator defects and, for very short 
averaging times, approaches the limits 
.set by the thermal noise of the crystal. 
Thermal Noise 

It has been shown * that the ef|uiva- 
lent noi.se resistance of a (piartz crystal 
is the same as the effective series re¬ 
sistance and that the fre<iuency devia¬ 
tion due to this source can l>e expressed 

as ^ ^ Hz (1) 

/ r/, 


where r = averaging time. 

f„ = o.s< illator freipiency. 
A’a = noi.se voltage. 

Ks = signal voltage, 
or, expre.ssing AV and A\<f by 

= V 4k Tim 

and 

I'-S = vw, 

then 

Ar ^ ./ 4A r/y 

f ~ r/y P 

and, with B = 


^ -'il /i^ 

/ " T ^rQf/ 


(3) 


where R — effective series resistance. 
T = aKsolute temperature. 

B = bandwidth of network. 

R = (juartz driving power. 
k — Boltzmann’s con.stant. 

Q = storage factor of (piartz. 


Kijuation (3) indicates that: 

1. The observed fre(|uency deviation is 
inversely proportional to the averaging 
time T. If the measured deviation does 
not follow this rule, the stability is 
not determined by the crystal alone. 

2. Increasing the crystal drive improves 
the stability. 

3. Increasing Q improves the stability. 

> W. Warnrr. “ High-Fr«|urnry CryaUU Units for 
Primary Kri?niienry Standartis." Hrocftdinga of Ikt I HE, 
Vol 40.'pi) I03a-103;L S«-pt«nVK>r 1952. 

*.A. W. Waropr. "Usp of Parallpl Fipid Excitation in tlip 
Dpsijcn of Quarts Crystal Units," !‘rocrfdtng» of the t7th 
Annual Sgmpotium on Frequency Control. 196.1, pp 248- 
286. 

• E. Ilafner. "Stability of Crystal Oscillators." t*roceed~ 
inga of the Hth .4nnua/ .Sympoiium on Frequency Control. 
I960, pp 192-199. 
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^ HighfT oscillator frequency improves 

stability. 

For these precision crystjils, however, 
statement 'A is dependent on 4 because 
the maximum Q is inversely propor¬ 
tional to the fre<|uency * and (?/a is con¬ 
stant. 

.\s an (‘xample, if we substitute these 
typical crystal constants in ecpiation 

(3): 

/„ = o X lO'^ P = 0.7 X 10 

Q = 2.0 X 10« T = ArAfK 

then 

^ X 10-** 

/ r 

This means that, for a one-.second aver¬ 
aging time, the fre(|uency deviations 
due to the thernml noise of th(* crystal 
do not e.xeeed .4 X 10 

How close do modern crystal oscilla- 
^ tors get to this figure? Actual measure¬ 
ments on the new (General Radio Tyi>e 
* 11 lo-H Standard-l'’rc<|ucncy ()scillators 

have .shown the following results: 

A/ 

“ = 4 X 10 for one-second aver¬ 
aging tim(» 

= 4X10 for one-millisecond 
averaging time*. 

This shows that, for a one-secf)nd 
averaging time, the o.scillator circuit 
contributes just over one order of mag¬ 
nitude more than the crystal. For one 
millisecond, the effects of the cinaiit are 
almost negligible, as the measured sta¬ 
bility is only .4.)% worse than that of 
the e-rystal alone. Figure 2 shows the 
theoretical stability as well as some 
measured data. 

l‘>om the discussion alMjve it appears 
that present o.seillator designs are satis- 
^ factory for very long averaging times 
(aging) and very short averaging times. 
In Ixdween, say from tenths of seconds 



Figure 2. Theoretical and measured stability of a 
crystal oscillator. 

to hundreds of st'conds, the stability po¬ 
tential of the crystal is not fully utilized. 
This is only partially correct, however, 
as there is temperature disturbance 
cau.s<*d l)y the c rystal, which is signifi¬ 
cant for av(*ragiiig timers of tens to 
hundreds of seconds. 

Temperature Gradients 

Oystal units generally show grc'at 
sen.sitivity to temperature gradients. In 
a vacuum-mounted crystal, heat is con¬ 
ducted to the ((Uartz mo.stly through 
the wire supports, and rapid tempera¬ 
ture fluctuations <*an produce spot 
temperature diffcTcnces, creating a tem¬ 
perature gradient in the crystal. 'J'hus, 
if the temperature of the oven fluctuates 
but little, the frecjuency effects are 
much larger than thci.'^e due to the 
t<*mperature coefficient alone. 'Fempera- 
ture-control circuits, like any other cir¬ 
cuit, are su.*«ceptible to noise*, and some 
temperature fluctuations are inevitable. 
Temperature rates of change* as low as 
10 millicjiiths of a degree* per second 
(2X10"^ s<*c) are sufficient to cause 

free|uency change*s larger than tho.se 
indicated by the steady-state tempera¬ 
ture e*oefficient of the crystal.* 

• A. W. Worner, " Omien and Prrformanre of 2.5 Me 
Quarts (’rvaial rniu." BSTJ. Vol XXXIX. No. a, 
S«-i>tcinl)«T MMIO. pp 1193-1217. 

* e ’onirart I »A 3rt-a3!« »C 7.1078, ’* An Tltra Prrciae Stand- 
anl of Kr<s|ii«mcy.*‘ Elrt'tnih Inlrrim Hrporl {firll Tflr- 
phone iMburatoritt). pj» 33-37. April 23, lH.’iO. 
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The limiting factor in the tenths-to- 
s(H*onds range is the 1// noist* of the 
oscillator and level-control circuits. For 
higher fre<|iiencie.s (above 1 kc) the 
noise figure of the semiconductors is 
(juite smajl. say a few dh, but, as we go 
to lower freijiiencies, beyond the low- 
fre(|uency noise corner, the spot noise 
figure gets much larger. It is not easy to 
decide whether this eflfect is due to 
nonlinearities in the oscillator circuit or 
to the level sensitivity of the crystal. 

Drive Level 

At the normal operating point of 70 
microamperes, the .VMe crystal shows 
about 1 X 10“^/db for level sensitivity.* 
This smi.sitivity increases with increas¬ 
ing crystal current and for moderate 
drive levels is approximately: 

^ = 0,'* (4) 

Jo 

where /, = frecjuency at zero driving 
power. 

D =» a constant determined by 
the type of crystiil and is 
about 1 for the 5-.Mc crys¬ 
tal. 

i = crystal current. 

Figure shows how, as the driving 
power is increasf»d, the relative drive 

* A. W, Warner.' C’ryatal I'nit 1 ><«iKn for rw In a (Iroumi 
Station Frw|umcy Stamlard,** l*roctedtngM of the IWh 
Annual SympoMiutn on Freoutncn Control, /93(t. ftp 190- 
11 » 0 . 



Figure 3. Drive-level sensitivity of 5-Me crystul.* 



Figure 4. Effects of crystal current on short-term 
stability. 

level l)ecomes more and more critical. 

For a 1-db change in level, 

^ = 0.2 D(’. (5) 

JO 

This effect is in the opposite direction 
from the effect of drive level on thermal 
noLs(» (see equation (3) and statement 
2). As a result, the drive level can 1 k' in- ^ 
creased only up to a certain point. I'or 
higher levels, the fluctuations (i.e., 
noise) from the level-control circuit be¬ 
come predominant, and the over-all per¬ 
formance is poorer. 

Figure 4 shows a typical relation for 
T = one second. As the level-control 
circuitry is improved, higher and higher 
drive levels can l>e used. The th(‘rmal 
noise decreases as I/i, hut the di.s- 
turbance due to level .stuisitivity in¬ 
creases as i*. The Iwst compromise is 
dictated by the performance of the 
level-control circuitry. For the 5-Mc 
(Tystal, operating at one-microwatt 
drive, level variations must be less than 
0.01% to keep the resultant frciiuency 
disturbances to less than 1 X 10“*^ 

This calls for a drive-level stability of 
alxHit 1 X 10~'® watt. The fact that 
this stability has to be achieved at high 
frefjuencies does not make the task any 
easier. 
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ADDITIONAL STABILITY PARAMETERS 

Other factors affecting the short-term 
stability arc temperature, load changes, 
vibration, and power-supply effects. In 
general, they are specified separately 
from the short-term stability data. 

Temperature Control 

The effects of temperature can lie re¬ 
duced to acceptable amounts dc^pending 
only on economics of cost, weight, and 
power consumption. The most difficult 
factor is dynamic stability, i.e., the 
elimination of transient temperature 
changes much larger than steady-state 
changes for the .siimc ambient range. 
Present-day instruments show over-all 
temperature coetTn'icnts as low as a few 
parts in 10’^ per degree C. rnder labora¬ 
tory conditions this can Ik? considered 
negligible l>ecause it is masked by either 
^ thermal noise or aging, except possibly 
in the range of r = 0.1 to t = l(XK) 
seconds. If the rec|uirements of the 
contemplated applications warrant the 
expense, temperature* control can be 
improved. This will be necessary if and 
when active deviet*s with lower 1// 
noLsi* and crystals with lower aging 
rates are available. While two-stage 
ovens are more popular, singh*-stage 
ovens can Ik* rmide to perform (iiiite 
well. Heduction of ambient changes 
as seen by the crystal is not limited by 
the stabilization factor of the oven con¬ 
trol but by temperature gradients bc*- 
tween the crystal and the temperature- 
sensing cl(*mcnt. Although two-stage 
ovens are easi(»r to design for low gradi¬ 
ents and stability of the control .system, 
single-stage ovens can lx* built with 
staMlization factors over .')0,(KK) and 
gradients of less than 10 milli(h*grc‘i‘s 
Centigrade. They have the advantages 
of lower cost and lower complexity, ami, 


Figure 5. Vector 
diagram showing 
phose shift due 
to stray coupling 
to output. 



often most important, they re(|uin» less 
power or less volume. 


Loading 

Frequency variations due to changes 
in the loading at the output of the o.s- 
cillator have be<*n a very .serious prol>- 
lem for all laboratory applications. 
Loading effects are caused primarily by 
pickup of output current in the oscilla¬ 
tor circuit. Let us assume that a small 
amount of output signal is introduced 
into the o.scillator loop. Tigure o shows 
this case in e.xaggerated form, f rom the 
vector diagram in f igure o, 

/: = V(/;.s + /v.N cosfl)’ + (/•;> sin9)s (0) 
and 


Ks 

T7~ "f" COS $ 

A.v 

where Ks — the signal in the loop with¬ 
out pickup. 

Ex = the pickup. 

E — the sum of both. 


It is obvious that, regardless of the 
magnitude of AVy, ^ is zero if 5 is z(»ro, 
and a maximum of occurs for 

6 = ±2 (n - 1)^. 

If a pha.se shift occurs inside the os¬ 
cillator circuit, the fre<|U(*ney must 
shift to produce pha.se shift of cipial 
magnitude but of oi»po.site sign in tin* 
cry.stal network. The fre<juency shift 
<lue to .such plnise shift is 

A/ __ tan 0 
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Figure 6. Typical 
block diagram for 
a precision oscil¬ 
lator. 


iirid, as a function ot 6^ 


J 


I 

2 Q 

/^'a 


sin 6 


-f- co.s d 


and, if Its » l^v, ^ ^ sin 0 (9) 

f 2 Q Its 

(.)l)viously, the best solution would be 
to ensure that Ity is small enough to be 
negligible. This is (juite difficult, be¬ 
cause even when A’.v is very .small, it 
still has considerable effect, l or ex¬ 
ample, if 

= 1 X 10-^ Its = 1 X 10-^ . 
and Q = 2.5 X 10« 
then 


- = 2 X 
/ 


10“^® sin 0 


To keep as low as 1 X I0~“ recpiires 
well over HM) db of isolation and shield¬ 
ing between output stage and oscillator, 
and /‘.’,v ii^ often larger. So far, it has 
been .shown only that the freciuency is 
offset owing to pick-up if 0 i.s not etpial 
to zero or 180°. As soon as lt,\ changes 
(owing to a change in output current), 
this freiiuency offset changes unlcs.s 0 is 
zero or 180°. 

If it could be ensured that 0 is zero or 
180° for all conditions of loading, no 
frc(|uency changes would occur. As long 
as the load is strictly re.sistive, this is 
po.ssible. f igure 0 is a bkx’k diagram of 
an o.scillator with amplifier stages. 

The conditions to make ^ = 0 are 
= 03 , which reciuires A0i -|- A 02 = 0 
for any resistive load. 

The pha.sc-shifter shown in Figure 0 
can be the tank circuit of one of the 


amplifier .stages, which can be detuned 
slightly to compen.sate for whatever 
pha.se shifts may exist in all amplifier 
stages. I’nder these conditions, any re¬ 
sistive load change will affect the mag¬ 
nitude of /: V but not the phase. Changes 
in magnitude are not very important, 
since they represent no more than a 
change in gain in the oscillator loop, 
which is taken care of by the level- 
control circuit. 

This condition cannot be met if either 
the output impedance or the load im¬ 
pedance is not strict^' re.sistive. .Any 
rea<*tive load causes a phase shift as 
long as Rs is not zero, anil, if the source 
impedance is reactive, resistive load 
changes result in variations of 0. The 
best comprtimise is to make Rs as small 
as po.ssible, so that moderatel}^ reactive 
loads are acceptable. 

It is not likely that load changes are 
reflected through the chain of amplifier 
stages. Kxpenments have shown that as 
few as two or three stages after the os¬ 
cillator will provide all the i.'^olation 
needed, but a larger number of stages is 
usually ret|uired to obtain enough gain. 

Vibration 

Crystal units are cpiite sensitive to 
vibration, and, while this problem is 
most severe for missile or airborne ap- 
j)lications, it cannot be ignored for 
laboratory applications. Great efforts 
have been made to develop crystals 
with low .sensitivity to acceleration.^ 

’ Contract OA 3rt-03y SC 7.3078. An Htra Prwiac Sund- 
nrd of Frequency,*' Final Report {Bell Telephone lAibara^ 
loritn), l)e«?eml>cr 1000. 
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Precision crystals have fre(|iiency-rs- 
acceleration cocHicicnts of 1 X 10'^ to 
1 X 10’^" per g (gravitational con¬ 
stant), anti efforts have been concen¬ 
trated in the direction of eliminating 
resonances in the fretjuency range of 
interest. Once tht^ crystal design en¬ 
sures freeilom from resonances, little 
more can be done in the way of mount¬ 
ing it in the instrument — at least not 
for low frequencies. 

Power Supply 

Power-supply variations can be held 
to a few parts in 10” as oscillator volt¬ 
age coefficient.s of le.ss than 5 X 10““ 
per volt are usual. 


over 10 seconds; to (ill the gap l)etvveen 
10 seconds and the averaging times for 
aging or drift, the term “fluctuations" 
has been used. 1‘or increasing averaging 
times, the rms values become le.s.s and 
le.ss useful because the fre(|ucncy Huctu- 
ates around a mean value that is (diang- 
ing very slowly as a result of aging. To 
state a meaningful rms value, it is 
necessary to subtract the aging slope. 
Such a regression analysis can easily be 
accomplished. The data so obtained 
become more and more important as 
the aging rate decrease.'s with time and 
may ultimately determine the usiible 
stability on a day-to-day basis. 

SPECTRUM 


STABILITY SPECIFICATIONS 

Xo accepted standards exist for the 
spe(dfication of .short-term stability. 

^ Thes(^ data are obtained for constant 
operating conditions, i.c., constant am¬ 
bient, load, line, etc., and the effects 
of variations in these quantities are 
listed separately. The method most 
suitable for the evaluation of the oscil¬ 
lator performance in systems applica¬ 
tions is to specify the “standard devia¬ 
tion.” (T, for a specified confidence limit. 
This is, of course, the same as the “rms 
deviation.” Sometimes rms pha.se devia¬ 
tion i.s listed as a measure of short-term 
stalnlity. This phase deviation can be 
computed from the fretiueney: 


A(#. = (2irf) y T 
where r is the averaging time. 


( 10 ) 


A/ . 

If the value of — is in terms of rms 

/ 

units, the Ac^ is also in rms units. 

The term “short-term stability’’ i.s 
not generally used for averaging times 


Spectral purity is particularly impor¬ 
tant for mi<Towave-spectro.scopy an<l 
for other applications re(piiring high 
multiplication ratios. The spectrum of 
an o.scillator provides information be¬ 
yond that given by long-term and short¬ 
term stabilities. It shows the pre.sence 
of discrete sidebands and the distribu¬ 
tion of noise. To compare th<' .spectra 
of two oscillators, it is nece.ssary to 
know the fre(iuency and the analyzer 
band-width. J'igure 7 shows a typical 
spectrum, which is obtained by the 



Figure 7. Spectrum showing discrete 1-ke side¬ 
bands at 10 Gc with 10-cycle bandwidth in 
analyier. 
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multipliratif)!! of the fre(|iiencies of two 
osi'illaloi^ to 10 (ic. The-se fm|iienrM»s 
an* adjusted to lie aliout 3 X 10~’ apart 
(slightly over 3 ke at 10 (le). The 
center line of the .spectrum is adjusted 
for 0 rll). The first sidebands are just 
visible at alwjut —*1() db, discrete side¬ 
bands of —37 db are at dz\ kc from the 
carrier, and the noise pedestal is ulKiut 
— 70 db. Such a spectrum can lx? used 
to pn^lict th(‘ performance at any other 
frecjuency and for different Ixindwidths. 

To obtain the nitio of noi.se to signal 
at other fre<|uencies, the following ap¬ 
proximation may be used as long as the 
noise-to-signal ratios are at least —20 
db, i.e., if the noise is l^etter than 20 db 
down: 

.V, = 20 log ^ + A', [tll>) (11) 
Jl 

where X 7 is the noise-to-signal ratio 
at /• and A’l at/i, in db. 

Thi.s means that multiplying the fre¬ 
quency 10 times increases the noisi'-to- 
signal ratio by a factor of 10. To evalu¬ 


ate the noise for a different analyzer 
bandwidth, it is convenient to expres.s 
the noisc' in terms of root-cycle band¬ 
width. This is the noisc»-to-signal ratio 
for a one-cycle bandwidth. 

•Vnorn. = -V. - 10 log B (12) 
where B = bandwidth. 

The relative amplitude of discrete side¬ 
bands is not affected by any <*hange of 
bandwidth. Using these relations to 
refer the spectrum shown in Figure 7 to 
5 Me, we have 

fi = 10 Cic /s ^ 5 Me 
analyzer bandwidth * lOcps 
A’l = —37 db for the rtl-kc side¬ 
bands. 

A^ = —70 db for the noisc pedestal. 
Then, from (11) 

A’s = — 103 db for sidebands. a 

Xi — —136 db for noisc in 10-cycle 
bandwidth 
and from (12) 

X 2 = “146 db for noise in one-cycle 
bandwidth. 


TYPE 1115 -B STANDARD-FREQUENCY OSCILLATOR 


Careful evaluation of the basic o.scil- 
lator parameters, as outlined aUive, has 
led to the design of this new oscillator 
unit. l*’rom the l>eginning it was agre(*d 
that the unit should use the o-Me, oth- 


overtone crystal, include freiiuency 
dividers to 1 Me and 100 kc, and have 
self-contained emergency power for at 
least 24 hours. The choice of the 5-Mc 
crystal was dictated by the belief that 



Figure 8. Ponel vi«w of Typo 111S-B Standard-Frequency Oicillofor. 
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this unit could meet the reciuirements 
for working standards of the majority 
of users at a cost substantially lower 
than that of 2.o-Mc units. Except for 
aging of the crystal, the GR Type 
ri 15-B shows a performance com¬ 
parable to or exceeding that of any 
2.5-Mc o.scillator. 

Figure 10 is a block diagram of this 
unit. The crystal, oscillator, and .\gc 
circuits are housed in a single-stage 
proportional-control oven. Two stages 
of isolation amplifiers and the output 
amplifier follow. Regenerative dividers 
are used to divide to 1 Me and 100 kc. 


The power supply consists of an auto¬ 
matic battery charger, explosion-proof 
battery, and regulator. 

The crystal is a gettered unit. No 
long-term agingdata are available at this 
time, but a record of several months' 
aging shows some improvement over 
the aging characteristics of ungettered 
units. One important advantage bf the 
gettered units is a better restarting 
characteristic, i.e., if the oscillator has 
been off and is turned on again, these 
units settle do^vn much faster than do 
the ungettered ones. 


I 



Figure 10. Block diagram of Standard Frequency-Oscillator. 
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OSCILLATOR AND AGC 

Thr ofiforts of compoiuMit changes on 
the fre<|iioncy of a crystal oscillator 
have heen analyzed in the past.* Figure 
11 shows the basic arrangem(Uit of the 
crystal network and oscillator <*ircuit. 
For the o-Mc. oth-ijvertone crystal, a 
l-pf change of ('\ or ('2 (O.I^%) amounts 
to a freciuency variation of about 
o X 10 'fhe slnmt capacitances r, 
and r.. are about ItitO pf each, and this 
network re(|uires a transcoiuluctance of 
If) milliamperes p(*r volt to sustain 
oscillations. Such a transconductance, 
would be ilifficult to achieve with 
va<‘uum tubes of .stable long-term per¬ 
formance b\H can be obtaiiu'd with 
transistor circuits. 




V 




ifll 

®o 

lOO^ 


'lJI 


-jioon 







Figure 11. Botic oscillator network. 


The ideal, active device for IV has 
high input and output re.sistance and 
no input or output capacitance. In ad¬ 
dition, the magnitude of Yr must be 
controlled by the agc circuit to hold the 
amplitude constant. The gain of tran¬ 
sistors is usually controlled by variation 
<»f the dc current. This method, how¬ 
ever, is undesirable, because the current 
variation changes the capacitances of 
the transistors. Hotter performance is 
obtained if only the ac gain, and not the 
<lc operating point, is varied. The cir¬ 
cuit shown in I'igure 12 meets these 
re(|uiremen ts. 

Transistors Qi and are in a circuit 
configuration that applies UK)% fecal- 


10 



back from the output to the emitter 
of the input stage Q\. The voltage gain 
from the base of Q\ to the output 
terminal is very nearly unity. If we as¬ 
sume that R is the only impedance 
from this point to ground, the current 

through R will be very nearly Be¬ 
cause this same current hows through 
Qi (with the exception of small amounts 
lost through the bases of Qi and Qi)^ the 
tran.sconductance of this circuit is pre¬ 
dominantly controlled by R. This re¬ 
sistance can be varied with no change 
in the dc operating point of any of the 
transistors. The circuit has an input 
impedance of over 80 kilohms shunted 
by le.ss than 2 pf and an output im¬ 
pedance of several hundred kilohms 
shunted l)y less than 2 pf. A transcon¬ 
ductance of 15 milliamperes per volt is 
readily obtained when R is about 65 
ohms. Because of the.se high input and 
output impedances, variations of tran¬ 
sistor parametei*s are of little conse- 
rpience. As the collector-to-base capaci¬ 
tances of modern planar transistors are 
typically stable to better than 10% per 
10,(XK) hours at constant temperature 
and voltage, the resultant change of 

® E. 1*. Felch and J. O. I.srnel, “A Simple Circuit for 
Fr<S4Ucncy Standards EinployinK Ovorlone C’ryatnis," 
Proeeediuaa of the JHE, Vul 4.3, No. 5, pp 690-003, May 
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Figure 13. Basic AGC circuit. 

frequency is le.ss than 1 X per 

year. This is negligible compared with 
the aging of 5-Mc crystals, which is 
orders of magnitude gi*eater. 

Electronic control of the transcon- 
ductaiice is obtained by variation of 
the dc bias current through a pair of 
diodes (Figure 13). The rf output of the 
oscillator is amplified by a two-stage 
^ amplifier and rectified by !)$. As long as 
there is no rf voltage, Ha is biased on 
(saturated) to pass a maximum of cur¬ 
rent through the agc diodes, Di and D 2 , 
for maximum transconductance to start 
the oscillations. As the amiilitudc in- 
crea.ses, Z >3 reduces the turn-on drive 
of Qa (from /?/>) until Qa gets out of 
saturation. Any further increase in rf 
amplitude reduces the current through 
Di and D 2 , which reduces the gain. Hu 
adjusts the point where Qa gets un¬ 
saturated and thus sets the rf level. 

A variable capacitance diode (va¬ 
ractor) is u.sed to adjust the fre(iuency 
of the oscilktor. The bias for this diode 
is varied by a potentiometer mounted 
on the panel. A digital read-out indi¬ 
cates fre(juency increments of 1 X 10~'° 
per digit. The total range of this elec¬ 
tronic tuning is 2700 X 10“‘". ('arcful 
^ investigation has shown no measurable 
aging due to the varactor. The series 
resistance of the varactor used is negli¬ 


gible compared with the resistance of 
the crystal. Excellent linearity of tuning 
is ensured by a variable load on the arm 
of the potentiometer (a second re¬ 
sistance element on the same .shaft). 
See Figure 14. The linearity of this ar¬ 
rangement is typically better than 
±7 X !()-*« (out of 2700 X 10““>) or 
about zbO.25%. Figure 15 shows a 
typical curve for the tracking error. The 
resolution of the potentiometer is such 
that the oscillator can be adjusted to 
within 2 X 10~“ of any frecpiency in¬ 
side the range. 

The advantages of electronic tuning 
are obvious. The varactors are small 
and do not requirt‘ a shaft through the 
oven wall Jis is required for mechanically 
varied cajjacitors. 


Figure 14. Lineariz> 
ing network for va¬ 
ractor. 


+ E TO VARACTOR 




. 

y 

1 




In addition, the use of varactor tim¬ 
ing pcTmits control of fretjuemry, by dc 
voltage, from a remote location and 
phase-locking of the oscillator by means 
of an external phase detector. External 
control vMjltage can be applied through 
a connector on the rear skirt of the in¬ 
strument. Sensitivity is of the order of 

in*o 

ppJO 



Figure 15. Tracking error of varactor tuning. 
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Figure 16. View of fhe investment costing in which 
the crystal and its associated circuit elements are 
mounted. 

1 ..*) millivolts for a frctiuency cliaiige of 
I X 10-“*. 

OVEN 

A siiiglo-stuge oven with proportional 
control holds the temperature of critical 
components within less than 10 milli- 
degre<\s (\ Pow'er consumption of this 
oven Nvas considered inifiortant because 
of battery operation in case of line fail¬ 
ure. The power consumption Ls only 
about oOO milliw'atts for operation at 
room temperature. The insulation of the 
oven is a combination of a Dewar Hask 
and polyurethane foam, in which the 
flask i.s completely embedded. This as¬ 
sembly has survived shock tests of 50 
g’s, 11 msec, in any direction (MIL 
STD 202 Method 205 C'ondition C). 
The oven chamlior is a copper invest¬ 
ment casting (Figure ItV). Plug-in cir¬ 
cuit boards provide easy acce.ss to 
components. 

EMERGENCY POWER 

A nickel cadmium battery of 4 am¬ 
pere-hours is floated across the dc sup¬ 
ply. The cells of this battery are of thq 
pressuri'-relief type and cannot explode. 
In case of power-line failure, operation 


for 35 hours is ensured at room tempera¬ 
ture and up to 24 hours at 0°C. An 
external dc supply of 22 to 35 volts can 
also be used. If ac power, external dc, 
and internal battery are connected, the 
power will be drawn from the source 
that provides the highest voltage to the 
regulator circuit. The change-over is 
made by diodes and is completely con¬ 
tinuous. 

The battery is recharged by a cur- 
rent-limited voltage source. As long as 
the battery voltage is significantly 
lower than the float voltage, the limit 
current Hows. As the cut-off voltage is 
approached, the current rapidly de¬ 
creases. This method ensures rapid re¬ 
charging after power failure and main¬ 
tains the battery at optimum charge 
conditions. The Hoat, or trickle-charge, 
voltage is temperature compensated to 
vary approximately —2 millivolts per 
d('gn*e C per cell to correct for changes 
in the emf of the battery over the full 
temperature range. 

PERFORMANCE 

Aging 

Typical aging rates are a few parts 
in 10“* per day after 30 days of opera¬ 
tion and are down to about 1 in l()“* per 
day after 12 months. 

Short-Term Stability 

Figure 18 is a block diagram of the 
measuring system used. The 5-Mc out¬ 
puts of the oscillators are multiplied 
2000 times each (effectively to X-band), 



Figure 17. Battery recharge characteristic. 
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Figure 18. Block diagram of measuring sysfem. 


und the poriotl (if the heat note is mea.s- 
lined hy digital technuiues. The result 
is processed hy an IBM 1020 computer 
to olitiun statistical data. For short 
aveniging times (less tlum 10 milli- 
siH'orids) the rms deviation is also 
^ measured directly hy data converted 
from digital to analog form, which is fed 
into an rms meter. This meter is ae 
coupled and responds only to the devia¬ 
tions from the mean. The deviation 
indicated hy this meter agrees to better 
than 10% with the data from the 
computer. 

Figure 10 shows the data for ont*- 
second averaging time as they are pro¬ 
duced hy the computer. The data were 
taken at a time when Serial Xo. 154 was 
still aging rapidly (a few days after 
initial turn-on), and a large amount of 
drift is noticeahle. This drift was then 
removed from the data. The results are 
in parts in 10'* for the mean and for 
sigma. The skew factor and the peak 
factor are parameters that provide an 
estimate of how nearly normal the dis- 
trihution is. The .skew factor is 0 and 
^ the i)eak factor 3.0 for a perfectly 
normal dlstrihution. The maximum 
sigma at 05% confidence is for two os¬ 


cillators compared with i*ach other and, 
to obtain the sigma for one o.scillator, 
should l>e divided by \^'2. The maximum 
sigma for one oscillator is 4 X 10~'^ 
Data for other aviTaging times are 
listed in Table I and plotted in Figure 
20. The incn‘a.st‘ of deviation from one- 
second to lO-.second averaging time 
is due to aml)i(Mit temperature varia¬ 
tion. The lO-second data W(Te recorded 
over a 25-minute tina* interval. With 


_m^r9 j(g_ys 

194 1 SEC samples 3/6/6^ 

DATA PARTS IN 

10 TO THF ISTH 

PARAMETERS UtTHOUT DRIFT 

CORRECTION 


sample size 


ISO 

MAX X 


993 

MIR X 


228 

RANGE 


729 

MEAN 


612.9000 

STD_ERROR OF 

MEAN 

14,5931 

SIGMA 


195.2906 

STD ERROR OF 

SIGMA 

10*2906 

SXEW FACTOR 


-*3281 

PEAK FACTOR 


2*0549 

MAX SIGMA AT 

•99 confidence 212.1787 

_drift pfr lop intervals 

361*1428 

PARAMETERS CORRECTED FOR 

DRI_FJ_ 

NEAR 


612*8995 

STO ERROR OF 

MEAN 

3*6826 

SIGMA 


52*0911 

STO ERROR OF 

SIGMA 

2*7454 

SKEW FACTOR 


*2408 

PEAX FACTOR 


2*6498 

MAX sigma at 

•RS CONFIDENCE 96*6074 


Figura 19. 
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GENERAL RADIO EXPERIMENTER 



a typical tompcraturo coefficient of 
.5 X is obvious that tem¬ 

perature fluctuations of a fraction of a 
degree account for this increase. Also 
shown is the theoretical stability re¬ 
sulting from the thermal noise of the 
crystal resistance, as calculated from 
formula (.*1) on page 2. 

Phase deviation can be computed 
from the fre(|uency deviation by means 
of equation (10). 

For 5 Me, 


/ 


= 4 X 10“*’ and r = one second. 


A 0 = 125 X 10“^ radians. 


- TABLE 1 SHORT-TERM STABILITIES - 

Sigma at 95'. 

1 confidence 

Averaging Time 

Sigma 

10 sec 

5.5 X 10-w 

1 sec 

4 X 10-“ 

0.1 sec 

1 X 10“»» 

10 niBoc 

7.3 X 10-“ 

1 msec 

39 X 10-“ 

300 /Ltsec 

SO X 10-“ 


SPECTRAL PURITY 


The measuring system shown in Fig¬ 
ure 18 was also used to obtain spectrum 
data. The l)eat fre(|ucncy between the 
two os(‘illators, multiplied 2000 times, 
is analyzed with a Typk HK)0-A Wave 
Analyzer, set for 10-cycle bandwidth, 
and recorded with a Type 1521 Graphic 
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Level Recorder. The exceptional dy¬ 
namic range of this combination naikes 
it possible to pre.‘«ent the spectrum in a 
particularly useful form. The oscillators 
are adjusted to have a beat freciuency 
of alx)ut kc (3000 X 10“'®). Figure 21 
is a spectrum obtaiiHMl by this method. 
The first visible sidebands appear about 
45 db down from the main line, and the 
noise pedestal is 70 db down. There are 
no distinct sidebands visible. As this 
spectrum was taken after multiplication 
to the equivalent of X-band, it follows 
from formula (11) from page 8 that 
this corresponds to —111 db for the 
first visible noise near the main line and 
to —130 db for the noise pedestal, re¬ 
ferred to the 5-Mc output of the oscil¬ 
lator. l-'or one oscillator, another 3 db 
should be subtracted; 10 db should he 
subtracted to refer the noise to 1-cycle 
bandwidth. The two numbers are — 124 
db/\/cps for the noise near the main 
line and about —149 db/\/cps for the 
noise pedestal. 

Sometimes a figure is given for line 
^S\ndth-*' This is, of course, strictly a 
colloquialism, as a line cannot have any 
w'idth. What is meant is: how’ far from 
the carrier are the sidebands 3 db dow n? 
Figure 22 .shows the center part of the 



Figure 21. X-band power epectrum of two Type 
1115-B Stondord-Frequency Oscillotors. Analyzer 
bandwidth it 10 cpt. 
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spectrum plotted with an analyzer 
bandwidth of ().o4 cps (by use of a spe¬ 
cial analyzer filter), and Figure 2.'j 
shows the response of the filter. As 
Figure 22 shows no broadening of the 
response of the filter, it can be stated 
that the line “width'' is less than 0.2") 
cps at X-band. 

OTHER FACTORS AFFECTING THE 
FREQUENCY 

Temperature 

Temperature control of the crystal 
and other critical components keeps the 
over-all temperature coefficient typi¬ 
cally less than 5 X 10“*V*^^* Transient 
response is such that frequency excur- 
.sions stay within the specified steady- 
state limits for sudden changes in tem¬ 
perature over the range of 0 to oO^C. 

Load 

^ Loading effects have been reduced to 
negligible amounts by careful arrange¬ 
ment of ground loops. Very little out^ 
put is fed back into the oscillator, as 
evidenml by the fact that tuning of the 
output circuit does not affect the fre¬ 
quency to any measurable extent, i.e., 
less than 2 X 10“*'. In addition to re¬ 
sistive loads, reactive loads can l)e 
tf)lerated. A reactive load of ">0 ohms 
(020 pf) causes, typically, 3 X 10"*' 
fre(iuency shift. 

Vibration 

The only component significantly af¬ 
fected by vibration is the crystal unit. 
The acceleration coefficient is about 1 
to l.S X i0“®pergin the most sensitive 
direction, and, for low frerpiencies, 
there is little reduction of vibration 
from the instrument frame to the 

^ crystals. .\s the frecpiency is raised, 
some attenuation is afforiled by the 
foam insulation of the oven. 


I-----^ 


1 

^ i 






:: 


Figure 22. Center por¬ 
tion of spectrum of 
Figure 21, measured 
with 0.54-cycle band¬ 
width. Vertical scale 
is linear (v^power). 
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Figure 23. Analyzer 
passband characteris¬ 
tic used for spectrum 
of Figure 22. 


Power-Supply 

Power-supply changes have little 
effect on frequency. The freciuency does 
not change more than il.o X 10"** for 
any safe operating condition of ac or 
dc supply voltage or for the range of 
voltages from a fully charged to a com¬ 
pletely discharged internal battery. 


MONITOR CIRCUITS 


\ single meter is ii.sed to monitor the 
.")-.Mc, 1-Mc, and lOO-kc output levels, 
oven temperature, oven heater voltage, 
dc supply voltage, and battery current. 
In all functions, elearly marked sectors 
on the meter indicate the ranges for 
normal operation. 

GENERAL 

The instrument uses all-silicon, solid- 
state circuitry. All components are of 
high quality, consistent with the re- 
(piirements of long continuous service. 
All electrolytic capacitors are bintalum 
except for the ac power-supply filter 
capacitor, which is a Mil-grade alumi¬ 
num electrolytic. All etched circuits use 
Fibergla.s-epoxy boards. The rugged, 
mechanical construction will withstarul 
abu.se during shipment and the mobile- 
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service environment. The instruments 
meet the requirements of MIL STI) 
107 for vibration and will withstand 
;^0-g shocks of 11-msec duration in any 
direction. 

— U. P. Stkatkmkyeu 


CREDITS 

The author wishe5 to acknowledge the many 
contributions made by others in the design of 
this instrument and, in |KirticuIar, the assist¬ 
ance of \V. .1. Kiley in ilevclopmeiil, G. K. 
Xeagle for the mechanical design, and \V. N. 
Tuttle for writing the program for the computer 
for statistical evaluation of short-term stability. 


SPECIFICATIONS 


OUTPUT 

FrsquvnciM: 5 Me, 1 Mc, 100 kc. 

Fr«qu«ncy Adiutlm«nt: 2700 X 10~** 0 X lO"^* 
per dial division). Can also be varied by ex¬ 
ternal voltage. 

Voitog«: 1 volt, rma, ^ into 50 ohms at 
each frequency. 

Spectral tin* Width: <0.25 cps at 10 Gc. 


FREQUENCY STABILITY 

Short Term: Standard Deviation (sigma) is less 
than stabtd below (05% confidence): 


Averaging Time 

Sigma 

0.3 msec 

100 X 10-“ 

1 HLsec 

.50 X 10 “ 

10 ins4‘c 

10 X IU'“ 

U.l sec 

1.5 X 10 “ 

1 S€»C 

1.0 X 10-“ 

10 sec. 

1.0 X 10 “ 


Aging: < 5 X 10“‘® |ier day after 30 days, 
< I X 10 •• i>er day is typical after one year. 


Temperoturo: <5 X 10”‘® from 0 to 50 C. 

Lood: < ±2 X I0““ from open circuit to short 
circuit. 

Supply Voltage: < ±2 X 10”“ from 22 to 30 
volts, dc: < ±l X I0'“ for ±10% ac line- 
voltage changes. 

POWER REQUIREMENTS (AC or DC) 

AC: 00 to 130 (or ISO Uy 200) volts, 40 to 2000 
c|)8, 8 watts at 115 volts. 

DC: 22 to ;15 volts; 4 watts at 21 volts. 

Emarguncy: Internul battery, 21-35 hours, de- 
p^aiding on ambient temperuturt^ 

GENERAL 

Construction: Kiigge<lixed; rack-bench cabinet. 
Dimentiont: Dench riuHlel — wndth 19, height 
5*-^, depth 14 * 'j inches (185 bv bi5 by 370 mm i, 
over-all; rack tmidel — panel 19 by 5^4 inches ^ 
(485 by 135 mm); depth Indiind panel 12*2 
inches. 

Nut Weight: ',io pounds (10 kg). 

Shipping Weight: 39 p(»Unds (18 kg). 


Type 


Price 

ni5-BM 

1115-BR 

Slondord-Fruquuncy Oscillator, Bench Model 
Standord-Frequency Oscillator, Rock Model 

$2,050.00 

$2,050.00 


PAPERS SOUGHT FOR CONFERENCE ON AUTOMOTIVE ELECTRICAL 
AND ELECTRONICS ENGINEERING 


Original |>a|iers covering the forefront of the 
art are sought for the First National Conference 
on Automotive Klwtricul and Eh^ctronics I jigi- 
nei*ring to be held Septemlnr 22 and 23 in 
l>i‘(niii, at the .McGregor Memorial (’enter of 
Wayne State University. 

Within theconte.xt of automobilifsand traffic, 
the following .•<ubject categories will In* con¬ 
sidered : 

1. Systems and Auf<»matic Control 

2. C^imniimicution and Signalling 

3. Vehicle Propubtion ami Omtrol 

4. ICriergy Storage and Conversion 

5. Sensors and ( ranges 

0. CorniMinents and l>evices 

7. T»‘sl Instrumentation 

8. .Manuhictiiring Prt>ceJ«sc*s and Tirhniques 

9. EliTtronics in Sales and Distribution 


h^’h pro.s^H*rtive author shoiilt! .submit an 
al»8tract (500 to lINN) word.s) not later *han July 
15th to the (^hairmari of the Pajiers Ckimmittee, 
Mr. E. A. Hanv.sz, General .Motors He8<*areh 
I.4il)oratories, G. .M. Tech. Cent<*r, Warren, 
.Michig:in. The author should indicate the 
length of time require<l for presiuAing and dis¬ 
cussing the pa|M‘r. This huigth may be .as short 
as 10 minutes or less, but shouhi ilefinitoly not 
exceed 30 mintites. 

The Conferenn* is sfH)nsored by Sout heastern 
.Michigan Section and I*TG-IECI of IEEE, 
University of Michig:m, .Michigan State Uni¬ 
versity, Wayne Stale University, and Univer¬ 
sity of Detroit. 

General Chairman is Ole K. Nil.**s<*n, .Applied 
Research Office, Ford .Motor Ciimpany, Dear¬ 
born, .Michigan. 
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CONVENIENT GENERATOR-DETECTOR UNIT 
FOR BRIDGE MEASUREMENTS 


The Type 1232-A Tuned Amplifier 
and Null Detector^ and the Type 
131 l-A Audio Oscillator* have been 
combined in a single, (convenient unit 
for use with audio-frequency bridges 
and other null-balance devices. This 
new assembly, the Type 1240-A Bridge 
Oscillator-Detector, occupies a mini¬ 
mum of l)ench space and is provided 
with removable panel extensions, which 
adapt it for rack mounting. The com¬ 
bination can also be easily disassembled 
80 that component instruments can 
be usihJ separately. 

The oscillator supplies 11 fixed fre¬ 
quence's from 50 cps to 10 kc. The 


detector is tunaldc continuously from 
20 cps to 20 kc, with additional spot 
fre(|uencies of 50 kc and 1(K) kc. 

• .\. E. Sanflenion. “.4 Tunnl Aiii|>lifii«r and Null Det«r- 
tur witii On©-Microvult Scitmtivity," ffrnrral Radio Ex- 
prrimrntrr. 1(5. 7. Jtily IWil. 

• H. Cl. Fulk^ "Umh Performance. Low-C’oai Audio 
Oscillator willi Solid-Stale t'ircuilry.*’ Oentral Radio 
Erpcrimtntrr. 30, 8 and U. .\uKtwt-Septeniber 11H12. 


SPECIFICATIONS 

Dimensions: Width 19, h<df(ht (1, depth 7^ 
inches (485 by 155 by 2(H) mm), over-all. 

Net Weight: Vi} 2 pounds ((1.5 kg), 

Shipping Weight: 28 pounds (18 kg). 


Ti/pe 1 


Price 

1240-A 1 

1 Bridge Oscillator-Detector | 

\ $565.00 



Panel view of the Bridge Oscillator-Detec¬ 
tor Assembly. 


BRIDGE ASSEMBLY FOR 
PRECISION 

INDUCTANCE MEASUREMENT 

For the precise measurement of in¬ 
ductance and the intercompari.son of 
inductaiK’e standards, the Type 1()32-A 
Inductance Bridge ' offers both ac¬ 
curacy and convenience. Its wide range 
of inductance, fromO.CHK)! ph to 1111 h, 
embraces a variety of applications. It 
can measure rf coils at 1 kc (where 
stray capacitance is not a factor) to 
^ an accuracy of 0.1%. It can compare 
two 10-henry standard inductors at 
100 cps to a precision of 1 part in 10^ 



Panel view with panel exfensions affached for relay* 
rack mounting. 



Panel view of the Inductance Measuring Assem¬ 
bly. 
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Although designed primarily for meas¬ 
urements at 1 kc and lower frequencies, 
it is usable, with little imi)airment in 
accuracy, up to 10 kc. 

This bridge is now available in com¬ 
bination with the Type 1240-A Bridge 
Oscillator-Detector - as the Typk 

»,1. F. llersli, "A Brulije for the Precise Mcoaurcoient of 
Inductaane," fJcMcraf Radio Experimtnltr, 34, 11, No¬ 
vember Ibnll. 

» See page 17. 

INEXPENSIVE VARIAC® 
LIGHTING 

By Fred 

The control board described here was 
designed and built by the author in 
order that the eight Varmc^ autotrans- 
formers, obtained by the Mansfield 
Players over the past several years, 
could \w operated with the convenience 
and versatility of a lever action and a 
mechanical master found in proh's- 
sional boards. Because the operator can 
hold several levers in each hand and 
can also master them to a single lever, 
he. can easily carry out operations 
that are impossible with knobs. Since, 
like many other amateur theatrical 
groups, th(* Mansfield Players are chal¬ 
lenged by a budget that is practically 
nonexistent, tlu’ board was designed to 
use materials that are inexpensive and 
readily available. 

Idle autotransformers were mounted 



1 C()0-A Inductance Measuring As¬ 
sembly. 

SPECIFICATIONS 

Dimensions: VMdtli HMo, height 23, depth 
10*3 inches (405 by 5‘.)0 by 270 mm), over-all. 
Net Weight: G2 ponnds (20 kg). 

Shipping Weight: 92 pounds (42 kg). 


Ti/pe 


Price 

1660.A 

Inductance Meosuring 
Assembly 

$1555.00 


AUTOTRANSFORMER 

CONTROL 

B. Otto 


in two rows to con.serve space and to 
bring the handles closer together. Kight 
3-inch V-belt pulleys were then 
mounted on a l/i-inch shaft, which ivas 
mounted in two holes in the box. A 
1 } 2 -inch pulley was used as a mounting 
for the master handle. Since it was 
found that a setscrew was not sufficient 
to keep this pulley from slipping when 
all eight dimmer.^ were mastered, a hole 
was drilled through the pulley and 
shaft, and a cotter pin ins^^rted. The 
spacing between pulleys was maintained 
by short pieces of pipe cut to length 
and .slipped over the shaft. A smooth 
pipe was mounted near the first row of 
autotransformers, as shown in Figure 1, 
to giiide the cord. 

'Fhe connection between the V-belt 
pulley and the autotransformer shaft 
was made by means of a piece of heavy 
\T'netian-blind cord. The cord was 
secured to the shaft of the Variae by 
mean.s of a machine screw worked 
through the cord and into a hole that 
had been drilled and tapped in the side 
of the shaft about 34 hich from the end. 
The cord was given one and a half 
turns around the shaft of the \'ariac 
and then was tied to the V-belt pulley 
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by means of two holes drilled in its 
flange. Though it was found sufficient 
to wrap the cord around the shaft of 
each Tvhk Wo Variac autotransformer, 
it would probably be necessary to use 
a small thread spool on the shafts of 
^ the higher power Type WlO and Type 
W2() \'ariac autotransformers and to 
use a correspondingly larger pulley. 

Inexpensive screwdrivers with %- 
inch-diameter shaft.‘< were uw'd for 
handles. The shafts were heated to re¬ 
move the temper, the tips cut off, and 
the shafts threaded to fit the 5ii-inch 
.setscrew holes of the pulleys. 

The difference in diameter between 
the pulley and the a»itotransformcr 
shaft causes the \'aria(‘ to turn the full 
lV2i)^ wh(‘n the lever is moved through 
about tM)°. Mastering is accomplished 
by a simple twist of the handle in the 
setscrew hole so that it tightens against 
the shaft, causing the pulley to turn 
with the shaft. It should Ik? noted tliat 
with this arrangement dimmers can 
l)C mastered at different points so that 
some dimmers can 1 m’ maintained sev- 
^ eral points alwve or l)elow the rest dur¬ 
ing fades. The 2-inch spacing of the 
handles was chosen to be large (*nough 


for them to be held separately, and 
yet to be as small as possible so that 
the maximum numlxT of handk^s could 
l)e moved at once. 

'Fhis board with its low cost, light 
weight, and high degre<* of controlla¬ 
bility has proveil to be well suited to 
our needs and may well be ecpially 
suited to the needs of other groups. 


.Mr. Fre<t H. Otto, who de.'tignod and 
this f'ontrol hoard for the .Manafadd Players, is 
a Kraduate of ihi* UniverHily t)f .Mmiie, at pres¬ 
ent .Htudnng for hi.** Ph.l). in physics at the 
University of C\>nnecticut. lii addition to his 
assiMMation with the MaiiHtieUI Players, he Inis 
also worke<l with the Maine M^nupie Theater 
and thi? Parish Players <if Winchester, .Mossa- 
chusc'tts. 



Figure 4. The author at the controlt. 
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GENERAL RADIO EXPERIMENTER 


Melville Easfham 

1885— 1964 


Melville Eastham, founder of General 
Radio Company and its president from 
1915 to 1944, died on May 7. His pro¬ 
fessional and business career spanned 
the growth of electronic engineering 
from its beginnings as wireless telegra¬ 
phy to the present and was marked by 
important contributions to science, in¬ 
dustry, and national defense. 

He was born in Oregon City, Oregon, 
June 26, 1885, and was educated in the 
Oregon public schools. He moved to 
Boston in 1906 as a cofoiinder of Clapp- 
Eastham C’ompany, a manufacturer of 
radio receiving and transmitting ecpiip- 
ment. In 1915 he founded General 
Radio ('ompany. 

He was a bellow of the Institute of 
Elec triced and Electronics Engineers 
and of the American Association for the 
Advancement of Science, and a member 
of the Acoustical Society of America, 
the American Physical Society, and the 
American Meteorological Society. In 
1945 he was awarded the honorary 
degree of Doctor of Engineering by 
Oregon SUite College. 

As one of the leaders of the Office 
of Scientific Research and Develop¬ 
ment, he was instrumental in mar¬ 
shalling the electronic-engineering ef¬ 
fort during World War II, and played 



a principal role in the development of 
the Ix)ran navigational guidance 
system. 

Mr. Eastham was respon.sible for 
many important electrical standards, 
components, and construction tech- 
niciues. Widely recognized as a pioneer 
in progressive employer-employee re¬ 
lations, he initiated in the early days 
of General Radio many employee bene¬ 
fits that were later widely adopted in 
industry. I>argely through his technical 
guidance and his humanitarian ap¬ 
proach to corporate management, Gen¬ 
eral Radio was able to grow to a promi¬ 
nent position in the electronics indus¬ 
try while preserving its unusual system 
of self-ownership. 

Melville Eastham’s many friends in 
the electronics industry may wish to 
know that a fund in his memory has 
been established for the general pur¬ 
poses of the Massachusetts Institute 
of Technology. Contributions may be 
sent to the Melville Eastham Memorial 
Fund, Massachusetts Institute of Tech¬ 
nology, Cambridge, Massachu.setts. 


S 
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